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Abstract

In this paper we review the physics and the expectations that were put into the negative
electron affinity (NEA) mediated field emission of chemical vapor deposition CVD diamond
films and how the emitter technology made possible by this mechanism could have challenged
the classical metal micro-tip field emitter arrays. We discuss the dependency between emitter
performance of micro-tip emitter arrays and feature size (size of the field enhancing tip) and due
to this to the connection between emitter performance and fabrication costs.
We introduce the concept of the field enhancement distribution function f(j3) for a useful
characterization of the field emission properties of thin film emitter and show how this
distribution function can be measured by scanning anode field emission microscopy. Using f(f3)
measured on a thin film of randomly oriented multiwalled carbon nanotubes we show that even
these kinds of low cost emitters can show a field emission performance comparable to micro-tip
arrays, yet that the large spread in field enhancement values between the individual emitter
prevent this performance to be fully exploited. This because the field range in which such thin
film emitters can be operated is limited due to emitter disruption and triggering of vacuum arcs.
Simulations show how resistor-limited emission can solve these limitations.

Introduction

In recent years various kinds of carbon thin films have been recognized as interesting
materials for field emission cathodes. The development of the field emission flat panel display in
the same time has further boosted this interest. Therefore investigation of the field emission
properties and mechanisms of carbon based materials as single crystalline and chemical vapor
deposition (CVD) diamond, diamond like carbon, nanocrystalline graphite and carbon nanotubes
has become a domain of very active research. Though field electron emission from a perfectly flat
metal surface requires electric field on the order of 2500 Vpm1, for the carbon based materials
mentioned above field emission currents could be observed for applied electric fields below 10V1um"1.

Classical Fowler-Nordheim like field emission describes the tunneling of electrons close
to the Fermi energy through a narrow surface potential barrier. When an electric field of the order
of 2500 Vgm-1 is present at a typical metal surface with a work function of 5 eV the surface
potential step confining the electrons to the solid, becomes a triangular shaped surface potential
barrier. As the width of the barrier at the Fermi energy approaches 2 nm, the electrons have a non-
negligible probability of tunneling from the solid into vacuum. Fields of the order of 2500 Vgm-1
can practically only be created when the field enhancing effect of conducting tip-like structures is
exploited. The field amplification of a tip at its apex is in first approximation equal to the aspect
ratio (height/radius) of the tip.

Although the effects of thermionic and field electron emission were discovered at about
the same time, thermionic emission is almost exclusively used for technical applications where
free electrons in vacuum are required. The first reasons for this is that thermionic emitters are
rather simple, in the simplest case it is just a heated tungsten or tantalum wire. Further they can
reliably deliver high emission currents of up to 400 Acm-2 for many thousand hours[l]. Field
emitters on the other hand are able to deliver very high emission current densities of the order of
106 Acmr2, but as tip like structures are needed to created the electric field required for the
emission, the actual emitting area, which is the apex of the field enhancing tip, is usually very
small. The higher the field enhancement the smaller the emitting area gets so that the emission
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current from a single field emission tip is usually small. Therefore field emitter found
applications only where the high emission current density and the small emitting area, leading to
a high brightness, are advantageous and where the total emission current has not to be very high
such as in high resolution electron microscopy. Though thermionic emitter have numerous
advantageous features for technological applications, they are not suited for miniaturization due
to the high operation temperature of 950°C-2500°C. Miniaturization of thermionic emitter means
to deal with increasing temperature gradients in the device. So that devices using thermionic
emitter are difficult to build smaller than a few mm. Field emitter in contrast do not have such
limitations, actually the miniaturization of field emitter is a key element to their success in
vacuum microelectronics. The miniaturization of field emitters to micrometer sizes allows to
integrate a large number of emitting tips on a surface and therefore achieving emission current
densities with respect to the device surface which are comparable to emission current densities of
thermionic emitter. A simple picture of such a field emitter is an array of micrometer sized tips on
a flat surface.

The metal micro-tip field emitter array

Using some basic assumptions it is possible to estimate the emission current density of
such a field emitter array, where the current density is with respect to the surface of the device
and not the actual emitting area of the tip apex. This definition of current density is useful for
technological consideration, e.g. for the comparison of field emitter arrays with thermionic
emitter.
As the basis of this estimation stands the description of the emission current of a single tip as a
function of the electric field at the emission site. One has to distinguish between the applied field
E,pj being the homogenous electric field perpendicular to the surface of the field emitter array and
the local field E at the emission site (which is the tip apex). In a simple diode configuration of
two parallel plates separated by a vacuum gap d the applied field would be given by Eapl=V/d,
where V is the bias voltage between the plates and d being the separation of the plates. The local
electric field at the apex of the ith field emitter tip is then given by Eapi*0, where P3i is the field
enhancement factor of the it' emitting tip. For our estimation of the emission current density we
assume that all the tips are needle shaped (cylindrical shafts with spherical caps) having the same
height h and the radius of curvature at the apex r. We have shown that for a tip array of identical
tips the maximum emission current at a fixed applied field is obtained, when the spacing between
the individual tip in the emitter array is twice their height h. An optimal emitter array would then
be a hexagonal array of tips (height h and radius at the apex r) where the next nearest neighbor
distance is 2*h. For this configuration the device surface area per tip Atip and the emitting surface
AE are given by:

Amj = 24-h2  (1) AE, at 2  (2)

where a is a proportionality factor on the order ofl. So that the emission current density
JD with respect to the surface of the emitter array is given by:

AE "JFN (E,) ('2 ... . () 2 ,(3)

AmD =1 JFN\ (E, 0.9y7  JFN(E. A 0)

where JFN denotes the Fowler-Nordheim relation giving the emission current density as a
function of the local field E and the emitter work function 0. The maximum current density JD

will depend on the maximum local current density JFN which a tip can support. This value will be
material dependent and will also depend on the requirements with regard to emitter life time. For
a constant work function (given by the emitter material) and a given maximum local emission
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current density JFN, the value of E=Eapl*o3 can be determined from the Fowler-Nordheim relation.
So that the maximum device emission current density JD can be determined as a function of the
applied field at which the device should deliver the maximum current density JFNnmx. Figure 1
displays the dependence of the maximum device emission current density Jo and the applied field
of operation for different maximum local emission current densities J1 N. As one can observe in
order to achieve a JD of the order of 10 Acm2,I (which is a typical current density of thermionic
emitter) in an applied field range of 2-10 Vgnl requires that the single emitters can sustain local
field emission current densities in the range of 10'-10' Acm-2.
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Using high density, gated metal micro tip field emitter arrays, values of JD of 100 Acm2

can be achieved at applied fields of the order of 100 Vmtm [2]. With a JD of the order of 100
AcMr2 such field emitter array can challenge thermionic emitter. However the production of metal
micro tip field emitter arrays involves expensive lithographic processes, which has triggered the
interest in efficient low cost field emitting materials.

One of the disadvantaae of using field emitter for large area electron sources is the need to
fabricate a large number (~10 -10 cm ) of micrometer or even sub micrometer sized tips. Due to
the steep current-field characteristic of field emission the requirement to the geometric properties
of the individual tips is very high further complicating the manufacturing process and raising
production costs. For a work function of 5 eV the relative change dIl of emission current of a
single emitter is a factor of ten with a relative change of field enhancement df/P of 10%. Which
means that if the aspect ratio and therefore the field enhancement of the field enhancing tip in a
field emitter array is controlled within 10%, the field emission current form the individual tips
will show a scatter over one order of magnitude.

The key to success of field emission tip arrays is to produce micrometer sized tips with a
high density and with a high degree of control over the aspect ration of the individual tip. The
fabrication techniques employed in the semiconductor industry offer the possibilities to fabricate
such emitter arrays. As the Moore's law, describing the exponential decrease of feature size in
semiconductor industry with time, one can expect a similar development for field emitter arrays.
Here the decrease in feature size and therefore an increase in emitter density will increase the
performance of the emitter array. Unfortunately there is a second Moore's law stating that the
exponential decrease in feature size comes with an exponential increase of production costs and
wherefore in analogy, the fabrication of micrometer sized emitter arrays is expensive.
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Chemical vapor deposition diamond field emitter

CVD diamond films seemed to offer a field emitter which had not to rely on field
enhancing structures and therefore not being subjected to the unfavorable relation of emitter
performance and emitter cost of the field emission tip arrays. Because of the negative electron
affinity (NEA) of the hydrogen terminated diamond surface it was thought that diamond could
deliver electron emission at moderate local electric fields of the order of 10 VPm"1 and without
the need of field enhancing structures[3]. These expectations where backed by numerous
experimental observations of field emission at applied fields below 20 Vlim' [4].

In a semiconductor the electron affinity is defined as the energy difference between the
vacuum level (lowest electron state in vacuum) and the conduction band minimum. Usually in
ordinary semiconductors such as silicon or germanium this energy difference is positive. When
the work function of the semiconductor is comparable to the gap energy ,as in the case of
diamond, the electron affinity can become negative. This means that an electron in the conduction
band can be emitted into vacuum without experiencing a surface potential barrier. This effect can
be readily observed in photo- or secondary emission experiments on NEA single crystalline or
CVD diamond.

A CVD diamond field emitter making use of NEA would therefore rely on three main
processes:

- Injection of electrons into the conduction band of a CVD diamond thin film at the
diamond-metal interface.

- Transport of the electrons in the conduction band to the diamond surface.
- Emission of the electrons into vacuum due to NEA.

Production Costs
Complexity

0 Figure 2

The diagram illustrates qualitatively the
dependence between the emitter quality
expressed by the emission site density and

CVD Diamond the production costs.
Emitter- e

I I II I I I

'2 4 6 8 1
10 10 10 10

Emitter Quality
Emission Site Density [cm- 2]

The way to an efficient NEA CVD diamond emitter would mean to optimize each of the
three above mentioned points. The injection would require a very narrow Schottky barrier and an
effective field penetration into the diamond film. The transport of the electrons to the surface
requires a low defect density and a low density of grain boundaries in order to prevent trapping
and recombination of electrons, which would then be lost for the emission. The emission at the
diamond surface requires that the entire surface is in the NEA state, which can be controlled by
the surface hydrogen termination and by the crystalline facetting of the surface.
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The optimization of a NEA CVD diamond field emitter would proceed via the control of
interface, bulk and surface properties of the diamond thin film. These are typical tasks in thin film
deposition and can be achieved without considerably increasing the costs of the deposition
process. The key point making the concept of diamond NEA emitter so attractive, is that this
emitter is not submitted to the close relation between emitter performance and emitter costs as the
field emission tip arrays.

Due to the second Moore's law of semiconductor industry the field emission tip arrays
have to battle against the relation between feature size and production costs. Meaning that a
decrease in feature size (size of the tip), giving an increased emitter density and therefore
increased emitter performance, is connected with an considerable increase in the production costs.
In Fig. 2 the emitter quality is expressed as the emission site (or emitter site) density on the
horizontal axis. The vertical axis expresses qualitatively the production costs, where the scale
would be rather logarithmic than linear.

Although the experimentally observed field emission properties of CVD diamond films,
with emission site densities ranging from a few tens to 103 per cm2 (dark gray ellipse), can not
match the micro-tip field emitter arrays, CVD diamond thin films seemed to offer a great
potential for the further development. Assuming the NEA emission mechanism, CVD diamond
thin films could be developed to show emission from the hole cathode area and not from the
relatively small surface area of a tip apex. The emission current density would only be limited by
the injection current density at the metal-diamond interface.
The actual development in CVD diamond field emitter cathodes could not back this exciting
perspective. The improvements made in the CVD diamond film emitter was just opposite to what
NEA emission would require. Figure 3 shows the emission image on a phosphorus screen of a
nanocrystalline CVD diamond film at different applied electric fields.

a) 3.5 Vitm-' b) 5 Vlm-' c) 6 Vlm-'

Figure 3

Field emission image on a phosphorus screen ofa nanocrystalline CVD diamond film of l0xlO mm2 at different
applied fields.

Whereas the NEA emission mechanism would require high crystalline quality (as
discussed above) the diamond films showing good field emission properties such as displayed in
Fig. 3 are of nanocrystalline and highly defective nature. Further where NEA emission required
insulative films for field penetration the nanocrystalline CVD diamond films are in general rather
conductive. Also the influence of the contact-diamond interface to the field emission properties
has sown not to be as essential as expected from NEA emission.

As can be seen from Fig. 3 the emission is spotty, where the spot density (emission site
density) is a function of the applied field. The difficulty in the investigation of the field emission
properties of these kind of thin films emitters resides to a good deal in the spotty nature of the
emission. This because the field emission I-V measurements can not give conclusive information
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about the emission mechanism as the work function, the electronic structure and the geometry of
the emission spot are not known. Yet as the emission is originating only from a small fraction of
the whole thin film these data are difficult to acquire by large area measurement techniques.

We have used field emission spectroscopy (FES) measuring the field emitted electron
energy distribution in order to elucidate the field emission mechanism of CVD diamond
films[5,6]. We could show that the electrons are emitted from the Fermi energy of the samples
and that the shape of the energy distribution is typical for Fowler-Nordheim tunneling as opposed
to NEA emission from the conduction band. FES further allowed us to determine the emitter
work function of CVD diamond emitter to range between 5.5 and 6.2 eV. Further we could show
that although the field emission occurred at applied electric fields on the order of 10 Vtmz' the
field at the emission site is enhanced by geometric field enhancement to values of the order of
3000 Vpim". It can therefore be concluded that the emission from nanocrystalline CVD diamond,
as in the case of micro-tip arrays, is due to local geometric field enhancement.

a)~ b),

Figure 4

SEM images of a good emitting CVD diamond film grown by MW-PECVD at 950' C and 5% CMI in H2 atmosphere.

Figure 4 displays SEM micrographs of a good emitting, nanocrystalline CVD diamond
film, where the sharp protrusions responsible for the field enhancement are visible. As the low
applied field electron emission of nanocrystalline CVD diamond is due to local field
enhancement and not NEA the development of CVD diamond emitter is subjected to the same
problems as the development and fabrication of metal micro-tip field emitter arrays. The
envisioned low cost development route as depicted in Fig. 2 is therefore not realistic. As for metal
micro-tip emitter arrays the improvement of the emission properties of CVD diamond thin film
emitter goes via the control over the field enhancing structures. This submits the development of
CVD diamond emitter to the same kind of cost-emitter quality relation as the metal micro-tip
arrays (see Fig. 2) and therefore puts their attractivity into question.

However one should note that as a "low quality" field emitter with emission site densities
on the order of 104 cm 2 and emission current density of the order of 10-100 mAcMr2 at applied
fields of about 10 Vgm"' the nanocrystalline CVD diamond thin film emitter are considerably
cheaper as metal micro-tip emitter arrays and might therefore still be suitable for applications
where the emitter requirements are not very stringent.

Carbon nanotube thin film emitter

In the case of multiwalled (MWNT) or singlewalled (SWNT) carbon the situation is
similar to the CVD diamond emitter, where field enhancing structures can be grown on surfaces
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in large numbers using low cost deposition techniques. The emission of carbon nanotubes is
clearly overned by their high aspect ratio and therefore by their field enhancement.

::~' ~Figure 5

SSEM micrograph of a randomly oriented
VMWNT thin film deposited on a silicon

i?, wafer.

V

Figure 5 displays a film of randomly oriented MWNT grown on a silicon wafer by
pyrolysis of acetylene in a nitrogen atmosphere at substrate temperatures of 900' C. As catalyst
for the nanotube growth 10 nm Ni was sputtered on the silicon. Such kind of randomly oriented
nanotube thin films with a rather low density of tubes show already a very good field emission
performance.

V(x,y)

S ,Figure6

, Scanning anode field emission

4r ! measurement of a MWNT thin film
(sample displayed in Fig 5). The map
shows the extraction voltage as function
of the x-y anode position for a constant
emission current of 10 nA and an anode-
sample distance of 5 pro. The scale bar
is 50 grn.

3 0 V • 3 50 V

Figure 6 displays a scanning anode voltage map V(x,y) of the nanotube thin film of Fig. 5
showing the voltage needed to obtain a fixed emission current of 10 nA as a function of the
position of the anode. In this measurement the surface of the nanotube thin films is scanned at a
constant distance of 5 gtm by a tip anode of 1 gm tip radius. The resulting voltage map V(x,y) is
displayed as gray scale image plot. The individual emission sites show up as dark spots in this
plots indicating that a low voltage is needed at this positions to obtain the fixed emission current
of 10 nA. Strong emission sites are characterized by a low value of the anode voltage at the
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minimum of the emission spot and also by the size of the emission spot. As one can see there is a
large scatter in the field emission performance of the individual emitters. In the scanned area of
200x200 pinm2 157 emission sites can be identified which corresponds to a density of about
400'000 cm-2 . It becomes clear from Fig. 6 that the characterization of the emission properties of
a nanotube thin film emitter means the characterization of a large ensemble of individual emitter
with different emission properties.

In order to obtain a realistic description of the electron emission from a thin film emitter
ensemble, the emission properties of a single site need to be characterized. To do so we start the
assumption that the FN-law correctly describes the current-field characteristics of MWNT field
emitter. For our considerations we use the simplified formula of Brodie and Spindt [7]:

1.5.106 2 (10.4) (-p6.44. 10701.5 (
I=A 0 Eý,,e expI "- ) exp E --EAPI " P) (1)

I is the emission current of a single emitter in Ampere, 4) the emitter work function in eV,
[3 the field enhancement factor and EApI the applied electric field. EA,1 is given by the applied
voltage V and the anode-cathode separation d by EApl=V/d. The product of [3 and Eapi gives the
local electric field present at the emission site Esite=EA*1*3. Changes in the emission current of
different emitter according to (1) arise from changes of the emitting surface A, the work function
0 and of the field enhancement factor 3. Using FES we have determined the work function of
MWNT emitter to be 4.9±0.2 eV and from this value also the emitting surface could be
determined to range from 10 to 10 cm2[8]. One has to be aware that although A has the
dimensions of a surface it also contains information about the electronic structure of the emitter
and therefore doesn't only account for the geometric emitting surface.

If we assume that all the MWNT emitter have the same work function "4.9 eV and the
same emitting area A=I 0-9 cm2 relation (1) becomes very simple:

m-14 2 .2 - .0 "
I= 3.4.10 EAP, .,'2 exp/7l01 (2)

Leaving the field enhancement [3 the only parameter determining the emission properties
of a single emitter. To characterize the emission properties of a large ensemble of emitter such as
the nanotube thin film of Fig. 5 and Fig. 6 we just need to know the field enhancement
distribution finction f([3)[9]. Where AN=f([3)A[3 is the number of emission sites per unit area
having a field enhancement factor in the interval [f3,13+A13]. The determination of this field
enhancement distribution function f(13) characterizes the thin film field emission properties. Of
course the question has to arise whether the assumption of a constant work function (justified by
the fact that all emitter are of the same material) and a constant emitting surface (justified by the
fact that all emitter are of the same dimensions) is not to severe. In fact one can test how a
relative change of 4) and A in relation (1) influences the value of [3 in order to obtain a constant
emission current. For an emission current of 10 nA a relative change of the work function of 0.2
eV => A0/0=0.2/4.9=0.04 would lead to a relative change of the field enhancement factor of only
5 % (AP3/13=0.05). Under the same conditions a relative change of the emitting surface of one
order of magnitude AA/A=10 leads to a relative change of only 11% for [3 (A[3/03=0. 11).

From voltage maps such as displayed in Fig. 6 the f(p3) can be determined. As the voltage
scan is performed at a constant emission current, according to relation (2) the local value of
Esit1=EApl*[3(x,y)=V(x,y)*[3(x,y)/d is constant too. Here Esite denotes the local electric field
present at the emission site needed to obtain the fixed emission current of the voltage map. The
local field enhancement [3(x,y) map can therefore be derived from the voltage map V(x,y) by
[(x,y)=Esitv.*diV(x,y).
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Figure 7

Diagram a) displays the field enhancement map derived from the voltage map of Fig 6. The scale bar is 50 .tm and
the white crosses denote the emitter positions. Diagram b) shows the histogram of the field enhancement map from

which the field enhancement distribution function can be derived.

Figure 7a displays the field enhancement map 13(x,y) derived from the voltage map of Fig.
6. The emission sites now show up as local spots of high field enhancement values. The
histogram of the beta map (see Fig. 7b) is now proportional to the field enhancement distribution
function f(13). Where the proportionality ca factor equals:

f (fl) = a .Hist(/3(x,y), Aft) a= NE=Itter

Npixer . Aft. A

Where Neminer is the number of emission sites in the 13-map (157 in this case), N I et is the
number of measurement points in the 3-map (100*100 in this case), AP is the bin wiMth of the
histogram and A is the surface area of the 1-map (4*10-4 cm 2). As can be seen from Fig. 7b f(j3)
has the shape of an exponentially decreasing function with P. The histogram over estimates f(j3)
in the high 13 region due to the larger apparent size of high 3 emission sites in the 3-map. From
Fig. 7b one can determine the field enhancement distribution function for this sample to be:
f(j3)=l.2e5exp(-0.024*P3) [cm 2].

From the voltage map of Fig. 6 one can determine that there are about 400'000 emitter per
cm2 delivering emission currents of 10 nA for applied fields below 40 Vgtm1. Compared with
metal microtip arrays operating at applied fields around 100 Vmtma this figure seems very
promising. The constant current measurement however is particular because a field emission
cathode will be operated in most of the cases at a constant applied field. Under such condition the
large spread of field enhancement values (see Fig. 7b) will lead to the situation that under
constant field conditions the emission current will be carried only by a few, high 3 emission sites.

Figure 8 shows simulations of the emission image on a phosphorus screen (comparable to
the measurements of Fig. 3 for f(13)=1.2e5exp(-0.024*f3) [cm 2 ] assuming relation (2) for the
emission current of a single emitter. Figure 8a displays the emission image for an applied field of
4.4 V .tm 1 giving an emission current density of 0.31 mAcm"

2
.
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Figure 8

Diagram a) and b) display field emission simulations of an field enhancement distribution function t"()= 1.2e5exp(-
0.024*") [cm' 2] at applied field of 4.4 Vptm"1 

for a) and 5.6 Vltm"- for b). The emission site are randomly distributed.

As one can see the current is carried only by a few emitter and that there are a large
intensity differences between the emitter. When the applied field is increased to 5.6 Vltm" the
emission current density has increased to 16.7 mAcm' . The increase in field has increased the
emission site density as new emitter with lower f3 become visible, at the same time the high P3
emitter are now delivering such high emission currents that the screen is by far in saturation and
that these emitter start to disrupt, bum-out or even trigger vacuum arcs. This means that for such
emitting films the emission site density on the screen is not limited by the actual emitter density
which as we have seen can be very high, but by the applied field level at which irreversible
damage to the thin film occurs by emitter disruption or vacuum arcing.

z 1 
Figure 9

4.1-The diagram shows the current-field
.C 1-6_ characteristics for a single MWNT

emitter according to relation (2)
M " (dashed line) and the according0 10- parallel resistor limited characteristic
11 " (solid line).
0 10

C -120 10'1

.21

E
20 30 40 50 70x16

Elect. field at emission site [Vpn

The introduction of a current limitation in the emission characteristic, e.g. by a parallel
resistor for each emission site can improve this problem considerably. Figure 9 displays the
current-field characteristic for a resistor limited emission (solid line) derived from relation (2)
(dashed line). The resistor value has been chosen to limit the emission current of a single
emission site at about I tA. If we now take the current limited emission characteristic for the
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simulation of the emission behavior for the same f(13) as for Fig. 8 one can observe how the
emission homogeneity is considerably increased at the expense of a higher field of operation.

1.0-1 1.0- aa .- '

S0.0.6o .6
0.8 - 0.6- 0.6

0- 0.4- 0.4 -

0. . 0.2-~

0.0 0 0.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

X [cm] X [cm]

Figure 10

Simulation of the emission analog to Fig. 8 for resistor limited emission at 5.6 Vpm"1 a) and 6.9 Vgim"
1 

b).

Figure 10a displays the simulation of the emission image for the resistor current limited
characteristic of Fig. 9 analog to the simulations of Fig. 7. One can see that for an applied field of
5.6 Vptml the emission density is comparable to the analog simulation for the unlimited emission
characteristics of Fig. 7b. But due to the current limitation the emission current density is only 0.2
mAcm2 as compared to 16.7 mAcm2 without current limitation. There are no emission sites
reaching emission current levels critical for emitter disruption or arcing, that is why the applied
field can be further increased. The emission current density is 1.2 mAcm 2 for an applied field of
6.9 Vg.m' in Fig. l0b. One can see that for a much lower emission current density the emission
homogeneity is very much increased and the problem of emitter disruption and vacuum arcing
can be solved by the current limitation.

Conclusions

The attractvity of CVD diamond emitter as material for field emission cathodes had its
origin in the possibility of this material to solve a major problem in the development of classical
metal micro-tip field emitter arrays. The performance of a micro-tip emitter is connected to the
feature size (and therefore tip density), so that better performance is linked with decreasing
feature size. The problem arises from the fact the fabrication costs rapidly increase with
decreasing feature size. Due to the NEA electron affinity of diamond it was thought that an
emitter technology could be realized which does not depend on feature size, but on bulk, interface
and surface properties of a thin film. Properties which can be controlled in the deposition process
of the film and therefore development and optimization of the emitter is not necessarily connected
with an increase in production costs. Today however it becomes more and more clear that the
field emission of CVD diamond is also due to field enhancement at local structures and that
therefore CVD diamond emitter are also subjected to the problematic relation between feature
size and emitter quality. This of course, reduces the attractivety and the potential of this material
for field emission applications considerably.

Carbon nanotube thin field emitter started from a similar situation as the CVD diamonds,
in the sense that there is a low cost approach to fabricate thin film field emission cathodes . The
difference to CVD diamond is that one ag'ees that the emission is due to field enhancement at
small tips. We have showed that even for randomly grown MWNT thin films the emission site
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density in a interesting applied field range of 50 Vgm1 the emitter density can surpass 106 cm-2
and is therefore comparable to micro-tip arrays, at a fraction of the production costs. Yet the
exponential field enhancement distribution of such nanotube thin film emitter exhibit is an
obstacle for reaching a high emission site density as the emission current will be carried by only a
few emission sites. An increase in the applied field above some critical value will further lead to
irreversible damage to the emitting film due to emitter disruption and triggering of vacuum arcs.
This effect leads to the situation that the emitting film can not be operated in a field range where a
high emission site density can be achieved. The introduction of a current limiting mechanism, e.g.
parallel resistor for each emitter, can solve this problem. As can be seen from Fig. 5 a resistive
layer between the nanotube film and the substrate does not work, because the nanotube form an
interconnected conducting network. The situation changes when the nanotubes are grown in small
patches electrically disconnected of about lxI p.m2 which is easily achieved by patterning the
growth catalyst[10]. The resistive layer would therefore limit the emission current of a single
patch, where it has to be expected that there will be only one dominating emitter in each patch.
The emission site density is the given by the patch density, which can be easily of the order of 107

cm" . This would be a low cost approach for the fabrication of a thin film field emitter, which can
compete against the micro-tip arrays.

In general the fabrication cost will be a key issue in the success of nanotube field emitter
and therefore in the optimization of nanotube field emission cathodes one has to find the balance
between improvement of the emission properties and increase in process complexity and
therefore fabrication costs.
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